Abstract --In this paper design and analysis of the grid side converter controller for Permanent Magnet Synchronous Generator (PMSG) based variable speed wind generator connected to a grid through LCL filter are presented. Since utilization of the LCL filter in output of the converter can lead to stability problem due to resonance at high frequency, determination of the controller parameters should be carefully designed. In this study, a simple dynamic model of the LCL filter is developed in order to analyze the performance of the control system easily. By using the bode diagram and step response of the system, the combination of gain controller and damping resistance parameters can be selected. The proposed method has been implemented on the grid side controller design for 2.5 MW PMSG based variable speed wind generator. The simulation results show that the proposed method is very useful and good response performance of the control system can be achieved.
I. INTRODUCTION UE to the problem of global warming, utilization of distributed generation system which is connected with distribution grid system has been interested and received considerable attention nowadays. The distributed generation can be located close to load consumers. It can have some merits: increasing the available power, improving the overall system reliability, lower costs, reducing emissions, and expanding their energy options [1] . The wind power is one of the distributed resources. Connecting wind turbine generator to distribution grid system leads stability problem. Therefore, it is very important to analyze a suitable control design for wind generators connected to the grid.
Over recent years megawatt class of Variable Speed Wind Turbines with Permanent Magnet Synchronous Generator (VSWT-PMSG) have been manufactured and become the most popular type of wind turbine generator. The VSWT-PMSG system is designed to achieve maximum aerodynamic efficiency, increase energy capture, and reduce mechanical stress on the wind turbine [2] . The generator can be directly driven by a wind turbine without gear transmission. In addition, the permanent magnet machines have large air gaps which reduce flux linkage although with multi magnetic poles [3] , [4] . However, this type of wind generator has more complicated controller system compared with other types. Therefore, the analysis method to design controller system of the generator still needs to be improved.
The VSWT-PMSG is, in general, connected to the utility power system through the voltage source power converters. The converter permits very flexible control of active and reactive power flows to the grid system. The full power converter totally decouples the PMSG from the grid, and hence grid disturbances have no direct impact on the generator. However, the converter is operated at high switching frequencies between 2-15 kHz resulting high order harmonics which can disturb devices on the grid and generate power losses [5] , [6] .
In order to reduce harmonic currents injected to the grid, LCL filter is an attractive solution because of its many potential advantages such as higher harmonic attenuation and smaller inductances compared with L filter [7] . However, resonance at high frequency caused by the filter can lead stability problem. Determination of controller parameters should be considered in design application. To avoid the resonance problem, a passive damping resistance should be adopted in the LCL filter although this method can reduce the filter effectiveness and increase losses [6] . Selection of a damping resistance value should also be taken into account in the controller design of VSC as well as the filter effectiveness and its losses.
In this paper design and analysis of the controller for 2.5 MW class of the VSWT-PMSG connected to distribution network are presented. This study is concerned with the investigation of the stability performance of current controlled grid side converter connected to the grid through LCL filter. The controller is designed based on the synchronous d-q reference frame. A simple dynamic model for LCL filter including damping resistance is proposed as plant system in which the configuration of the filter can be accurately represented. Analytical expressions and plots are given to show the system stability performance. Simulation results show that the controller system is very effective to control power delivered to the grid with small total harmonics distortion.
II. VSWT-PMSG MODEL SYSTEM
The block diagram of control system for VSWT-PMSG considered in this paper is shown in Fig. 1 . The VSWT-PMSG consists of the following components: a direct drive PMSG, two levels back to back converters composed of stator side converter (SSC) and grid side converter (GSC), a DC-link circuit with a capacitor (C dc ), stator side controller, and grid side controller.
The SSC is connected to the stator of PMSG, and it converts the three phase AC voltage generated by PMSG to DC voltage. The three phase voltage and current sensors are attached on the stator terminal of PMSG. The rotor speed of PMSG is measured from the rotor of wind turbine.
The GSC is connected to the grid system through LCL filter and a step up transformer. The grid current and the grid voltage sensors are attached on converter side and grid side of the LCL filter, respectively. The DC voltage (V dc ) across the DC capacitor is detected. The voltage reference of grid side voltage source converter for modulation is controlled by using the grid side controller. In modulation technique, Third Harmonic Injection Pulse Wave Modulation (THIPWM) is used in this work. Injection of third harmonic in the reference voltage makes it possible to utilize the voltage reference without over modulation. In addition, the THIPWM can maximize fundamental component of the output voltage [8] .
A. Wind Turbine Model
The mechanical power output of wind turbine captured from the wind power can be calculated as follows [9] :
where P w is the captured wind power (W), ρ is the air density (Kg/m 3 ), R is the radius of rotor blade (m), V w is wind speed (m/s), and C p is the power coefficient. The value of C p is dependent on tip speed ratio (λ) and blade pitch angle (β) based on the turbine characteristics as follows [9] : λ β λ β λ In variable speed wind turbine system, the rotor speed of wind turbine (ω r ) is measured in order to determine the Maximum Power Point Tracking (MPPT). In general, it is dificult to measure the wind speed accurately, and hence the maximum power (P mppt ) should be calculated without measuring the wind speed as expressed in (4) 
B. Dynamic Model of PMSG
The dynamic model of PMSG in the d-q rotating reference frame is expressed by the following (5) and (6) [11] .
where V sd and V sq are stator voltages, R s is the stator winding resistance, I sd and I sq are stator currents, ω e is the generator rotational speed, ψ sd and ψ sq are the stator flux linkages, L sd and L sq are inductances of the stator winding, and ψ m is the permanent magnet flux linkage. By substituting (7) and (8) into (5) and (6), the deferential equations of PMSG can be obtained as follows: 
C. Mathematical model of LCL Filter
As previously mentioned, utilization of the LCL filter can lead to stability problem due to resonance. To avoid the resonance a passive damping resistance should be allocated in series with a filter capacitor in the filter. However, adopting a damping resistance can cause power losses and then decrease the filter efficiency. Therefore, in designing the voltage source converter controller system, a passive damping resistance should be taken into account in the plant system model. Single phase LCL filter equivalent circuit is shown in Fig.  4 . The LCL filter is composed of an inverter side inductance (L i ) and its parasitic resistance (R i ), a grid side inductance (L g ) and its parasitic resistance (R g ), a filter capacitor (C f ), and a damping resistance (R d ). V i and I i are voltage and current on the converter side of the LCL filter. V g and I g are voltage and current on the grid side of the LCL filter. It should be noted that V cf is a voltage on the filter capacitor (C f ). The differential equation of LCL filter in stationary reference frame can be written as follows:
From (11) to (13) deferential equations in the d-q rotating reference frame are obtained: The dynamic block diagram of the grid connected LC filter in the d-q rotating reference frame can be derived as shown in Fig. 6 , where s denotes a Laplace operator.
III. VSWT-PMSG CONTROLLER SYSTEM

A. Stator side Controller
Detail of the stator side controller system is presented in a block diagram shown in Fig. 7 . The aim of the stator side controller is to control active and reactive power output of the PMSG. The current control loop is designed based on the d-q rotating reference frame. The rotor angle position (θ r ) used in the transformation between abc and dq variables is obtained from the rotor speed of generator. The active power (P s ) and reactive power (Q s ) of the generator are controlled by the d-axis current (I sd ) and the q-axis current (I sq ), respectively. The value of active power reference (P ref ) is determined by MPPT method of the wind turbine characteristic as shown in Fig. 3 . The reactive power reference (Q s *) is set to zero for unity power factor operation. The cross couplings I sd ω e L sd and I sq ω e L sq should be compensated at the output of the current controllers in order to improve tracking capability. To design controller parameters, the plant transfer function is represented as 1/(R s +L s s) for d or q current loop. By using the pole placement method, the gain of the PI controller can be tuned. 
B. Grid side Controller
Grid side Controller is essential in design of control system because it can dominate the performance of VSWT-PMSG connected to a grid system. The aims of VSC control are: 1) to maintain DC link circuit voltage; 2) to control the reactive power exchange with the grid system as well as maintain the power factor to be unity [12] . Fig. 8 shows a block diagram of the grid side control system. In this control strategy, the control system based on the d-q rotating reference frame, which has same rotational speed as the grid voltage, is implemented. By using the Phase Locked Loop (PLL) the grid side phase angle (θ) for the d-q transformation is obtained. In this paper PLL block introduced in [13] is used. When grid voltages on the stationary reference frame are transformed into the d-q rotating reference frame, V gd becomes constant and V gq becomes zero. Therefore, the active and reactive power delivered to the grid can be controlled separately by the daxis current (I id ) and the q-axis current (I iq ), respectively. In order to assure the active power exchange between PMSG and the grid, the voltage of DC-link capacitor (V dc ) is maintained constant. Hence, the d-axis current reference signal (I id *) is determined from output of the DC-voltage controller. For unity power factor operation, the q-axis current reference signal (I iq *) is also set to zero. To improve tracking capability of control system, the cross coupling terms could be canceled by adding ωL tot at the output of the current controllers, where L tot is total series inductances of the filter and transformer. The output of current controller (V gd * and V gq *) is transformed into the stationery reference frame (V ga *, V gb *, V gc *) which is used as reference signal for pulse wave modulation.
C. Pitch Angle Controller
Wind turbine power depends on the wind speed, and thus, the output power of a wind generator always fluctuates due to the wind speed variations. In order to maintain the output power of generator under the rated level, a pitch controller is considered as shown in Fig. 9 . The transfer function of the pitch actuator is represented by a first-order transfer function with an actuator time constant of 5s and the pitch rate limiter of 15deg/s. A classical PI controller is used to manage tracking error. In VSWT the pitch controller is used to regulate rotational speed of PMSG under its rated value (1pu). In this paper 2.5 MVA VSWT-PMSG is considered. Table 1 presents system parameters of the grid connected VSWT-PMSG. 
A. LCL Filter Parameters
In order to obtain the LCL filter parameters, the system conditions shown in Table I are considered. There are many methods that may be considered in determining the filter parameters. However, in this paper procedure and limitations of LCL filter parameters presented in [6] are considered.
According to the parameters in Table I , 0.4Ω base impedance, 1.3mH base inductance, and 8000μF base capacitance are calculated. As the inductance on the inverter side (L i ), 5.0% of base inductance is adopted. In order to calculate the grid side inductance (L g ), the transformer inductance (L t ) should be considered. 4% of base inductance has been adopted as transformer inductance. Adding a small value of grid side inductance (L g ), total 4.1% of base inductance is obtained. The initial value for filter capacitor (C f ) is set to maximum limitation (5%). The resonance frequency of LCL filter is around 1.4 kHz.
B. Dynamic Stability Analysis of Current Controller
In order to analyze the dynamic stability of the control system, the block diagram of LCL filter in the d-q rotating reference frame shown in Fig. 6 is considered as a plant system. In this study, the d-axis and the q-axis components are assumed identical, and hence the plant system can be modeled by using one axis component only. Fig. 10 shows proposed block diagram of the d-axis component, where the cross coupling and grid voltage are neglected. It should be noted that the inductance (L t ) and reactance (R t ) of transformer are included in L g and R g . 
The time delay is composed of one sample delay caused by switching frequency (T s =1/f s ) and one half sample delay caused by the dead time of PWM converter (T cnv =1/T s ). For PI controller usually the integral time constant (T i ) is set equal to the plant system time constant (L tot /R tot ) [7] , where L tot and R tot are total of series inductances and its parasitic resistances of the plant system, respectively. The dynamic stability of the controller system is analyzed based on frequency responses in bode diagram and step response. The initial gain is obtained by using optimum modulus criterion [14] . Fig. 12 shows a bode diagram of the current control loop for four different damping resistances. The bode diagram shows that reducing damping resistance can make system dynamic stability poor. Fig. 13 shows a bode diagram of the current control loop for four different K pd with R d value of 0.09 ohm (around one third of impedance at frequency resonance). It is seen that increasing proportional gain of PI controller leads high frequency response and decreased magnitude of the gain margin. According to Figs.12 and 13, it is concluded that a good stability performance of the control system can be obtained by selecting a suitable combination between R d and K pd . In addition, Fig. 14 shows the step response of current controller for different K pd , in which the settling time and overshoot of the step response can be analyzed.
In this study, in order to stabilize the current controller, gain margin (Gm) larger than 6 dB and phase margin (Pm) larger than 45 deg are required for step response less than or equal 2.5 msec of settling time and 3% maximum overshoot. With a minimum damping resistance of R d =0.05 ohm and maximum gain K pd =0.20, stable loop with a gain margin of 6.42 dB and a phase margin of 73.8 deg is obtained as shown in Fig. 15. Step response of the current control loop in discrete system is depicted in Fig. 16 . It is seen that the settling time of response is 2.41 msec and maximum overshoot is 2.76%. V. SIMULATION STUDY Validity of the design and analysis method explained above has been evaluated using the model system shown in Fig. 20 . A VSWT-PMSG rated at 2.5 MW is connected to 6.6 kV distribution system through converters composed of stator side and grid side VSCs, a LCL filter, a 1.0/6.6 kV step up transformer, and a double circuit transmission line. A local load rated at 1 MW is installed near the wind generator. In the figure, impedances of the transmission line are shown in the form of R+jX, where R and X represent the resistance and reactance, respectively. System base power is 100 MVA. In order to evaluate the dynamic performances of the proposed system, the wind speed data shown in Fig. 21 is considered. Simulations were performed by using PSCAD/EMTDC. Fig. 22 depicts the pitch angle response of the VSWT-PMSG, which is activated when the wind speed exceeds the rated value. The active power reference (P ref ), the active power output of PMSG (Ps), and the active power delivered to the grid (P g ) are shown in Fig. 23 . It is seen that P S and P g follow P ref very well. The reactive power outputs of the generator and the grid side converter are kept almost Fig. 25 . It is seen that the DC voltage can also be maintained constant at rated value (1.75 kV).
VI. CONCLUSION In this paper, design and analysis of the control system for 2.5 MW class of VSWT-PMSG connected to a distribution grid system through LCL filter is presented. Design and analysis of the grid side current controlled voltage source converter is focused, in which passive damping resistance of the filter and gains of PI controllers of VSC are selected based on frequency response of the bode diagram and dynamic step response. According to the simulation results it is concluded that the controller system is effective to control active and reactive power delivered to the grid. Moreover, the LCL filter is very effective to attenuate the harmonic distortions.
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VIII. APPENDIX Table II shows PI controller parameters used in the simulation analyses. The parameters for PI 1 to PI 4 (PI controllers for the stator side controller) are selected by using the pole placement method. The parameters for DC link voltage controller of the grid side controller (PI 5) can be selected same as those of PI 6 and PI 7. 
